Abstract
Dense layers of overlapping three-dimensional (3D) gold nanodendrites characterized by high specific surfaces as well as by abundance of sharp edges and vertices creating high densities of SERS hotspots are promising substrates for SERS-based sensing and catalysis. We have evaluated to what extent structural features of 3D gold nanodendrite layers can be optimized by the initiation of 3D gold nanodendrite growth at gold particles rationally positioned on silicon wafers. For this purpose, galvanic displacement reactions yielding 3D gold nanodendrites were guided by hexagonal arrays of parent gold particles with a lattice constant of 1.5 µm obtained by solid-state dewetting of gold on topographically patterned silicon wafers. Initiation of the growth of dendritic features at edges of the gold particles resulted in the formation of 3D gold nanodendrites while limitation of dendritic growth to the substrate plane was prevented. The regular arrangement of the parent gold particles supported the formation of dense layers of overlapping 3D gold nanodendrites that were sufficiently homogeneous within the resolution limits of Raman microscopes. Consequently, SERS mapping experiments revealed a reasonable degree of uniformity. The proposed preparation algorithm comprises only bottom-up process steps that can be carried out without use of costly instrumentation.
Dendritic precious metal nanostructures show excellent catalytic properties owing to their structural features and their large specific surfaces, as evidenced by model reactions such as the electrocatalytic oxidation of methanol 1, 2 and ethanol 3 as well as the reduction of 4-nitrophenol. [4] [5] [6] Furthermore, precious metal nanodendrites possess morphological features like sharp edges and vertices as well as nanoscale junctions that enable highly efficient preconcentration sensing by surface-enhanced Raman scattering (SERS). 1, 4, 7-13 SERS is related to the enhancement of electromagnetic fields caused by surface plasmons of metal substrates exhibiting plasmon resonances in the visible spectral range. [14] [15] [16] [17] SERS enables trace analysis as well as in situ monitoring of molecular processes because the Raman scattering intensity originating from analytes attached to SERS-active metals and, consequently, the corresponding detection sensitivities are drastically increased. Strong local electromagnetic field enhancement accompanied by strong SERS occurs, in particular, at edges and vertices of metallic nanoobjects. [18] [19] [20] As compared to other types of precious metal nanostructures, nanodendrites show excellent SERS activities 21 and catalytic performance 22 because they contain high densities of sharp edges and vertices. Moreover, hotspots with SERS intensities exceeding those outside the hotspots by several orders of magnitude exist in narrow gaps between almost touching metallic objects. 19, [23] [24] [25] [26] An ideal architecture for SERS-based sensing and heterogeneous catalysis would, therefore, comprise dense forest-like layers of overlapping precious metal nanodendrites attached to solid substrates. Dendritic nanostructures grown on solid substrates are often two-dimensional objects extending only in the substrate plane.
The precious metal nanodendrites used for SERS-based sensing and heterogeneous catalysis would ideally be three-dimensional (3D) objects that also extend in the direction normal to the substrate plane. Only 3D nanodendrites will have high specific surfaces. Taking into account the extension of the focal volume of confocal laser scanning microscopes typically used for SERS analytics into the direction normal to the substrate surface, 3D precious metal nanodendrites occupying a larger fraction of the focal volume than corresponding 2D objects will help achieve better SERS detection sensitivities. It has remained challenging to integrate dense 3D precious metal nanodendrite layers in device components suitable for real-life use. Light-induced deposition of gold nanostructures 27 as well as ion implantation 28 have been employed to direct the morphological evolution of the gold nanodendrites themselves. However, it is desirable to initiate the growth of gold nanodendrites at specific sites on a substrate in combination with a certain degree of morphological growth control, aiming at the preparation of dense layers of overlapping 3D gold nanodendrites. In this work, we evaluate a synthetic algorithm yielding dense layers of overlapping 3D gold nanodendrites attached to silicon substrates (Figure 1) , in which the growth of the 3D gold nanodendrites starts from gold particles rationally arranged in ordered arrays. We first prepared topographically patterned silicon (tpSi) patterned with arrays of microindentations ( Figure 1a ) by capillary microstamping. 29 Then, we generated regular arrays of gold particles ~300 nm in diameter by topographically guided solid-state dewetting of thin gold films deposited onto the tpSi. The solid-state dewetting step resulted in the formation of one gold particle per indentation (Figure 1b,c) . We used the regularly arranged gold particles as seeds for the templated growth of the 3D gold nanodendrites by galvanic displacement reactions (GDRs). In this way, we obtained dense layers of overlapping 3D gold nanodendrites attached to underlying tpSi substrates (Figure 1d ), which showed SERS sensitivities and catalytic performances superior to those of gold dendrites randomly grown on silicon substrates, of silicon substrates covered by thin gold films and of gold particle arrays. Control experiments confirmed that the presence of regularly arranged gold particles acting as seeds during the GDRs is crucial for the generation of dense layers of overlapping 3D gold nanodendrites.
RESULTS AND DISCUSSION
Carrying out a GDR for 10 minutes on a smooth silicon wafer coated with a 35 nm thick gold layer (Figure 4e and f; sample "Si + Au" in Figure 5 ) yielded inhomogeneous substrate coverage with gold structures of various sizes; on the nanoscale, a non-dense layer of polyhedral gold particles formed (Figure 4e ). On the macroscale, the same type elongated branched gold structures with sizes of several 10 µm as those seen in Figure 4d were irregularly distributed on the sample surface.
Carrying out a GDR for 10 min on tpSi coated with a 35 nm thick gold layer but not subjected to solid-state dewetting yielded non-dense layers of polyhedral gold nanocrystals located on the ridges separating the indentations of the tpSi ( Figure S6 , Supporting Information; sample "tpSi + Au" in Figure 5 ). Figure 5b displays the relative heights of the 4-NTB Raman peak at 1340 cm -1 . As compared with the gold particle array on tpSi obtained by solid-state dewetting at 900°C for 2 h without GDR ("0 s") even after short GDR times a doubling of the peak heights occurs, indicating that the formation of needle-and dendrite-like gold structures gives rise to more efficient SERS.
The largest peak height is obtained for a GDR duration of 10 min (cf. Figure 3e and 4b), indicating that the dense substrate coverage by touching needle-and dendrite-like gold structures created a high density of SERS hotspots. The peak height exceeds that obtained without GDR (GDR duration of 0 s) by one order of magnitude. Moreover, the Raman peak at 1340 cm -1 was 11.3 times higher than for sample "Si + Au" and 12.1 times higher than for sample "tpSi + Au". If the GDR is carried out for more than 10 min the peak heights slightly decrease, indicating deterioration of SERS hotspots as needles, edges and vertices partially buried (Figure 3f ; 4c).
The guidance of the growth of the 3D gold nanodendrites by arrays of rationally positioned parent gold particles resulted in reasonably homogeneous SERS response over wide areas. For example, we performed confocal Raman microscopic mapping on 3D gold nanodendrite layers on tpSi obtained by solid-state dewetting for 2 h at 900°C and 10 min GDR within an area of 43×39 µm 2 corresponding to overall 1677 Raman spectra. Figure 5c displays the mapping of the integrated Raman intensity of the 4-NTB peak at 1340 cm -1 . Figure 5d shows the corresponding histogram, i.e., the frequency of integrated peak intensities of the 4-NTB peak at 1340 cm -1 falling into specific bins. No local "cold spots" with low integrated peak intensities smaller than 7500 counts were found within the mapped area. Figure S8b ; blue up-triangles in Figure S6b ) and in the presence of gold-coated tpSi subjected to solid-state dewetting for 2 h at 900°C without GDR ( Figure S8c ; orange down-triangles in Figure 6b ) were even smaller and amounted to ~0.009 min -1 and ~0.002 min -1 , respectively (all above-mentioned samples had an area of 0.25 cm 2 ). In the presence of a 3D gold nanodendrite layer on tpSi prepared by solid-state dewetting for 2 h at 900°C and subsequent GDR for 10 min ~92 % of the 4-NP was converted at t = 24 min, in the presence of gold-coated tpSi after 10 min GDR without solid-state dewetting ~40 %, in the presence of smooth silicon coated with a 35 nm thick gold layer ~21 % and in the presence of gold-coated tpSi subjected to solid-state dewetting for 2 h at 900°C without GDR ~5 %. Solid-state dewetting. Smooth Si wafer pieces and tpSi pieces with areas of 0.5×0.5 cm 2 were coated with a 35 nm thick gold layer using a Balzers BAE 120 evaporator following protocols reported elsewhere. 48 For this purpose, the tpSi and smooth Si wafer pieces were glued on glass slides with double-sided adhesive tape and placed in the vacuum chamber above the gold source at a distance of 25 cm. The chamber pressure was set to 10 -4 mbar, the current was set to 4.20 A, and the baffle was removed for gold deposition. The thickness of the obtained gold was estimated by weighting glass slides with known surface area prior to and after gold deposition using a quartz crystal microbalance GAMRY eQCM 10M. Solid-state dewetting was carried out in a tube furnace by heating gold-coated tpSi at a rate of 10 K/min to the target temperature at which the gold-coated tpSi was kept for 2 h. Then, the samples were cooled to room temperature at the natural cooling rate of the tube furnace.
Galvanic displacement reactions (GDRs).
Prior to the GDRs, the samples were rinsed with diluted HCl(aq) (2 mol/L) for 4 min, treated with O2 plasma at 100 W for 2 min using a plasma etcher Femto (Diener Electronics) to remove contaminations and then immersed in a 5% aqueous HF solution for 2 min to remove native silica. Then, the samples were immediately immersed in an aqueous plating solution containing 20 mL HAuCl4•xH2O (20 mmol/L) and 18 mL HF (48%) at room temperature.
Characterization. Scanning electron microscopy was carried out on a Zeiss AURIGA microscope operated at an accelerating voltage of 7 kV using a secondary electron (SE) detector to image the 3D gold nanodendrites and an in-lens detector to characterize the gold particle arrays obtained by solid-state dewetting. Image analysis of the SEM images was carried out with the software ImageJ using the freehand selection tool. 
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